Equine arteritis virus (EAV) is the cause of equine viral arteritis (EVA), a reproductive and respiratory disease of equids (61) . EAV is transmitted either horizontally by aerosol during acute respiratory infection or venereally by natural or artificial breeding of mares to persistently infected carrier stallions (62) . Up to 60% of stallions that acquire EAV by the respiratory route can subsequently become persistently infected. The carrier state can last from months to several years, during which time the virus is present solely in the reproductive tract, principally in the ampulla of the vas deferens (61) . The carrier state is testosterone dependent and thus occurs only in stallions (41, 49) . Susceptible mares bred to carrier stallions almost always become infected with EAV (61) . While EAV infection is usually subclinical, there has recently been an apparent increase in the occurrence of clinical EVA (28) . Many outbreaks of EVA are precipitated by venereal infection of a seronegative mare after breeding to a carrier stallion, with subsequent aerosol transmission to susceptible cohorts (2, 3, 61) .
EAV has a single-stranded, positive-sense RNA genome of approximately 12.7 kb and is the prototype member of the genus Arterivirus in the family Arteriviridae (13) . The EAV genome includes at least eight open reading frames (ORFs) (from 5Ј to 3Ј, ORFs 1a, 1b, 2, 3, 4, 5, 6, and 7 [12] ). The 9 kb located at the 5Ј end of the genome contain ORFs 1a and 1b, which encode the viral replicase. The structural protein genes are overlapping, occupy 3 kb at the 3Ј end of the genome, and are translated from a nested set of mRNAs (64) . Generation of a 3Ј-coterminal set of mRNAs is a characteristic feature of the order Nidovirales, which includes the families Coronaviridae and Arteriviridae (8) . ORFs 2 and 5 of EAV encode minor and major structural membrane glycoproteins, (G S and G L [13] ), respectively. The G L protein is the most variable of the four known structural proteins and contains epitopes critical for virus neutralization (4, 6, 7, 31) . ORF 6 encodes a structural membrane protein (M), and ORF 7 encodes the nucleocapsid protein (N) (13) . The putative EAV GP3 and GP4 glycoproteins, encoded by ORFs 3 and 4 respectively, are uncharacterized.
RNA virus replication is characterized by high mutation rates, short generation times, and high yields (16) . Therefore, RNA viruses exist not as a single genotype rather as a heterogeneous mixture of related genomes known as a viral quasispecies (8, 15, 33) . Genetic variation has been repeatedly demonstrated among field isolates and laboratory strains of EAV and indirectly by the selection of neutralization resistant variants in vitro (4, 7, 10, 31) . The carrier stallion is clearly central to the epidemiology of EAV infection, but the evolution of the EAV quasispecies that occurs during persistent infection and the potential emergence of novel variants with divergent phenotypic properties are yet to be characterized. Oligonucleotide fingerprinting of EAV strains isolated in cell culture from semen collected sequentially from two carrier stallions revealed ongoing nucleotide variation (47) . It was not, however, determined which regions of the virus genome were principally affected, nor were the potential effects on virus phenotype investigated. To characterize the EAV quasispecies during persistent infection, detailed sequence analysis of the struc-tural protein genes has been performed with viral RNA purified directly from semen collected sequentially over a 10-year period from two Thoroughbred carrier stallions that were initially infected during an EVA outbreak in Kentucky in 1984 (59) . Phenotypic assays were performed with selected virus isolates. The results suggest that the EAV quasispecies evolves significantly in the individual carrier stallion, in distinct contrast to its relative genetic stability during EVA epizootics involving aerosol transmission of the virus (2, 3) , and that variants with distinct phenotypes emerge during persistent infection.
MATERIALS AND METHODS
Disease outbreak, stallions, and semen collection. An extensive outbreak of EVA occurred in Kentucky in 1984 (59) . This outbreak was the first recorded occurrence of EVA in the North American Thoroughbred population, and subsequent investigation established that stallions could be chronically infected with EAV and that these carrier stallions are critical to the epidemiology of EAV infection (60, 62, 63) . Two stallions from the same farm (designated D and E) were infected during this outbreak and subsequently became long-term carriers. Semen was collected from the two stallions at regular intervals (for D, 6/84 [month/year], 9/85, 12/86, 9/87, 7/88, 1/89, 1/91, 9/92, and 8/94; for E, 6/84, 9/85, 11/86, 2/88, 1/89, and 1/91) following initial infection of the stallions, which occurred in May 1984. Semen was collected until the stallions ceased shedding EAV, as determined by virus isolation as previously described (62) . The field strain KY84 was originally isolated from pooled blood collected during the outbreak (5/84 [45] ) from three stallions acutely infected with EAV (stallion E and two other stallions) and was serially passaged three times in horses and subsequently three times in rabbit kidney cells (RK-13; ATCC CCL37) before amplification of virus stock in RK-13 cells.
RNA extraction and PCR amplification. Viral RNA was isolated directly from seminal plasma with a QIAamp viral RNA isolation kit (sequences and viruses are identified by stallion and year of isolation, e.g., D84). RNA was also isolated from the cell culture propagated KY84 strain as previously described (31) . Viral RNA was reverse transcribed into cDNA with Superscript II and oligo(dT) primers (Gibco BRL). The first-strand cDNA was purified with GlassMAX DNA isolation system after RNase digestion (Gibco BRL). The entire 3-kb segment containing ORFs 2 through 7 was PCR amplified in two pieces by using Pfu Turbo DNA polymerase (Stratagene) (ORFs 2 through 4 were amplified with the primers located at positions 9705 to 9727 and 11218 to 11240; ORFs 5 through 7 were amplified with those at 11080 to 11101 and 12631 to 12651 [12] ). Pfu polymerase was used to minimize artifactual substitutions (55) . The resulting PCR products encompassed 2822 nucleotides at the 3Ј end of the genome and included ORFs encoding the four known EAV structural proteins (G S , G L , M, and N) and two uncharacterized glycoproteins (GP3 and GP4). Fourteen different PCRs (100 l/reaction) were carried out with each RNA sample, and the reaction products were pooled, concentrated (Centricon-30; Amicon), and purified by using a commercial kit (Qiaquick; Qiagen). A viral quasispecies is not accurately represented by a single sequence; thus, pooling of multiple reverse transcription-PCR (RT-PCR) products was done to obtain sequence data that most accurately represent the master sequence of the viral quasispecies present at the time of collection (16) .
Cloning. The PCR products that included ORFs 5 through 7 of the virus population present in the semen of stallion D in 1984 and 1994 were cloned into the plasmid pT7Blue-3 by using a Perfectly Blunt cloning kit (Novagen) according to the manufacturer's protocol. Individual colonies were grown overnight in LB broth, and plasmid DNA was purified by using a Qiaprep kit (Qiagen). After restriction digestion, plasmid DNA was electrophoresed in 1% agarose gels and stained for confirmation of the insert. ORF 5 (nucleotides 11129 to 11896) was sequenced from 17 different clones from the D84 virus and 16 clones from the D94 virus.
Automatic sequencing. Purified cDNA from PCR amplification products and plasmid DNA was sequenced by using a PRISM Ready Reaction DyeDeoxy Terminator cycle sequencing kit (Applied Biosystems). Approximately 100 ng of PCR-amplified cDNA or 1 g of plasmid DNA and 10 pmol of primer were used in each reaction, and cycle sequencing was performed as previously described (31) . Sequence data were collected with an ABI 377 automatic sequencer (Applied Biosystems) according to the manufacturer's instructions. Sense and nonsense strands were each sequenced with a large library of primers (Genosys) (7, 31) . The sequence of the KY84 strain was included in the analysis as the closest approximation of the original outbreak strain.
Sequence and phylogenetic analysis. Computer analyses of DNA sequences were done with a Macintosh PowerPC and the MacDNASIS Pro version 3.5 (Hitachi) and Sequencher 3.0 (Gene Codes Corp.) programs. The TOPIR program of the Wisconsin package (version 8.0; Genetics Computer Group Inc.) and Clustal W version 1.7 (58) were used for multiple sequence alignment. Genetic distance, phylogenetic, and bootstrap analyses were done with PHYLIP version 3.5c for the Macintosh PowerPC (22, 23) . Genetic distances (expected substitutions per site) were calculated for aligned sequences by using the DNADist program based on the Kimura two-parameter model (23, 37) with a transition/ transversion ratio of 2.0. The distance matrices generated with DNADist were also used in the FITCH program (least-square method [24] ) to generate phylogenetic trees. The FITCH program was carried out with randomized input order. The resulting phylogenetic trees are rooted with the corresponding ORFs of lactate dehydrogenase-elevating virus (29) . Bootstrap sampling (22) was carried out on 1,000 replicate data sets with the SEQBOOT program to assess the confidence limits of the branch pattern. A value of Ն70% was considered significant (32) . Estimates of the number of synonymous substitutions per synonymous site (K s ) and nonsynonymous substitutions per nonsynonymous site (K a ) were calculated with the MEGA program (version 1.01 [38] ) by the method of Nei and Gojobori (48) .
Virus isolation and neutralization assays. Virus was isolated on RK-13 cells from semen collected from stallions D (6/84, 9/85, and 8/94) and E (6/84, 11/86, and 1/91) as previously described (62, 63) . Stocks of each virus isolate were titrated by the method of Reed and Muench (52) after serial passage in RK-13 cells. Neutralization assays were performed as previously described with a panel of neutralizing monoclonal antibodies (MAbs) raised against the EAVUCD laboratory strain of EAV (5G11, 6D10, 7E5, 9F2, 10F11, and 10H4) or a neutralization-resistant variant derived from EAVUCD (1H9, 6A2, and 8D4) (4, 5) . A nonneutralizing, N-protein-specific MAb (7B9) was used as a control (5). Neutralization assays were also done with equine polyclonal sera. Three of the sera were collected from stallions D and E (D86 serum, D98 serum, and E86 serum). One serum was collected after the second horse passage of the KY84 strain of EAV, 7 months postinfection (KY84 serum). Another serum was produced after nonlethal experimental infection of a horse with the well-characterized virulent Bucyrus strain of EAV (VBS53 [5, 7] ). Serum from an uninfected horse was included as a control. Antibody titers were reported as the reciprocal of the highest final dilution that provided at least 50% protection of the monolayer against 1,000 50% tissue culture infective doses of virus.
Nucleotide sequence accession numbers. The sequences analyzed were submitted to GenBank and have been assigned accession no. AF107266 to AF107274 (stallion D), AF107275 to AF107278 (stallion E), and AF107279 (KY84).
RESULTS
Sequences of the major EAV variants present in sequential semen samples from carrier stallions. Two Thoroughbred stallions (D and E) were infected on the same farm during an outbreak of EVA in Kentucky in 1984. Recent studies indicate that EAV strains isolated from clinical samples obtained during the same outbreak and after limited cell culture passage are genetically stable (2, 3) . Thus, we assume that these two stallions were infected with viruses that were very similar or identical to the original KY84 strain that was isolated during the outbreak.
Viral RNA was isolated directly from the semen of the two carrier stallions, and a 3-kb portion was RT-PCR amplified and sequenced. To describe the relationships between the major EAV variants that sequentially arose during persistent infection of the stallions, sequences representing the major variant of the quasispecies from the ORF 2 start codon at position 9807 to the ORF 7 stop codon at 12628 were used to generate a phylogenetic tree (Fig. 1) . The sequenced portions of viral RNA in semen were clearly distinct from year to year. The sequences of viruses from stallion D in the years 1991, 1992, and 1994 group phylogenetically with that of the E86 strain and are distinct from the branch containing the original outbreak strain KY84. These data indicate that EAV strains in the two stallions evolved down similar lineages and, in general, genetic distances increased over time relative to KY84. Some dominant species present earlier in infection of the two carrier stallions (D84, D86, D87, and D88 and E86) were more distant from KY84 than some later viral species (D89 and E89), suggesting that nucleotide reversions also occurred. Interestingly, many of the same mutations occurred in variants of EAV that evolved during persistent infection of the two stallions. Structural requirements likely exist at both the protein and RNA levels; thus, the changes that are fixed during persistent EAV infection of the carrier stallion are not random.
The major variant of the viral quasispecies present in the semen of the carrier stallions D and E experienced mean nucleotide variation of 0.9 and 1.3%, respectively, per year throughout the entire 2,822-nucleotide segment that was sequenced ( Table 1 ). The first and last dominant EAV species identified in semen from each stallion (D84-D94 and E85-E89) differed from each other by only 1.7%, indicating that new mutations as well as frequent reversions occur to generate new and unique quasispecies populations during persistent EAV infection. These results confirm those previously reported from two-dimensional oligonucleotide fingerprinting of viruses isolated in cell culture from stallions D and E during persistent infection (47) and are consistent with similar studies characterizing evolution during persistent infections with other RNA viruses (53, 57) .
To investigate potential differences in the extent of evolution between the various ORFs of the dominant EAV variants during persistent infection, the genetic distances of the individual ORFs amplified from the semen of the stallions were calculated with the DNADist program of the PHYLIP package and compared to the outbreak strain KY84 (Fig. 2) . Genetic distance is a value that reflects the number of expected nucleotide substitutions per site, accounting for differences in the number of transitions and transversions (23, 37) . The data show that individual ORFs of the major EAV variants present in the semen of the two carrier stallions evolved independently of each other. ORFs 2, 3, and 4 of the D84 strain were more distinct from the outbreak strain than ORFs 5, 6, and 7, which were very closely related to KY84. The ORFs 2, 3, and 4 of the D85 strain (one year later) reverted to be more closely related to KY84, whereas genetic distances of ORF 5 increased linearly over time. ORF 3 was the most variable ORF during EAV persistence in these two stallions. Overall, ORFs 3 and 5 evolved most rapidly, ORFs 2 and 4 changed moderately, and ORFs 6 and 7 were substantially more conserved during persistent EAV infection. The relative rates of change of the various ORFs are consistent with results found after genetic characterization of various field isolates and laboratory strains of EAV (1, 7, 10, 31) . ORF 6 encodes the M protein, which is a structural, protein with three transmembrane domains, and ORF 7 encodes the N protein (13) . Structural requirements likely restrict amino acid alterations in these two proteins, and their genes are highly conserved, as few synonymous nucleotide changes occurred. ORFs 6 and 7 are located on the extreme 3Ј end of the EAV genome and thus may be conserved due to structural restrictions imposed on nucleotides in this region from their potential function in genome packaging during assembly or the complex transcription process (16) .
Synonymous and nonsynonymous nucleotide changes. The K a /K s ratio provides an estimate of the degree of selection responsible for amino acid substitutions. Fixation of nonsyn- onymous mutations can be accelerated by positive selection; therefore, the larger the K a /K s ratio, the stronger the selective pressure (38, 40) . To examine the extent of selective pressure applied to individual EAV proteins during persistent infection of stallions, the K a /K s ratios were calculated for each ORF by using the MEGA program and are reported relative to the value for KY84. Other than ORF 3, the ORFs of major variant viruses in the semen of persistently infected stallions experienced little selective pressure on their entire encoded proteins ( Table 2 ). The G L protein of the initial dominant variant in the semen of stallion D (D84) was identical to that of the KY84 strain, suggesting that G L protein-specific immune escape is not necessary for initial establishment of persistent EAV infection in the reproductive tract of the Thoroughbred stallion following aerosol acquisition of the virus. The K a /K s value was markedly greater for ORF 3, most notably in the two samples taken 1 year after the onset of the carrier state. D85, D89, and E85 ORF 3 sequences differed from that of KY84 by 4, 12, and 7 nucleotides and by 4, 10, and 5 amino acids, respectively. Thus, these K a /K s ratios realistically reflect an unusually large proportion of nonsynonymous mutations and not just a low synonymous value (denominator).
Variable regions of the GP3 protein.
The uncharacterized GP3 protein, encoded by ORF 3, varied more than the other EAV proteins during persistent infection of the two carrier stallions. The variable regions of the GP3 protein are shown in Fig. 3A . Two highly variable regions, from amino acids 17 to 30 and 116 to 121, were identified in the GP3 protein. These regions are subsets of the variable regions previously identified in the GP3 protein of six field isolates of EAV (1). The EAV GP3 protein is predicted to be extensively glycosylated. The existing glycosylation sites were conserved; however, there were two amino acid changes that added potential glycosylation sites within the variable regions. Compared to KY84, most semen variants had a new potential glycosylation site at amino acid 28 (Fig. 4) , and strain D89 had an additional potential glycosylation site at amino acid 118 (data not shown). The two variable amino acid regions of the GP3 protein corresponded to nucleotides 10337 to 10377 and 10634 to 10650, which varied, on average, 3.9 and 8.5%, respectively, per year, for carrier stallion D and 16.4 and 20.6%, respectively, per year for carrier stallion E (Fig. 3A) . Amino acid variation that occurred in limited regions of the GP3 protein greatly exceeded the rate that would be expected by random variation of structurally insignificant domains. Altogether, our data indicate that strong selective pressure for amino acid change is likely exerted on the EAV GP3 protein during establishment and throughout persistent EAV infection of the Thoroughbred carrier stallion.
The EAV genome is organized such that every internal ORF shares its 3Ј and 5Ј ends with the neighboring ORF; thus, the same nucleotides at the ends of the ORFs encode different proteins that are out of frame from each other (13) . The highly variable nucleotide region 10337 to 10377 was located at the section where ORFs 2 and 3 overlap in different reading frames (Fig. 4) . Most mutations occurred in the first position of the codon of the GP3 protein reading frame, resulting in an amino-terminal region of the GP3 protein that was highly variable during persistent infection. The GP3 amino terminus may act as a hydrophobic signal sequence, variation of which might explain the inconsistent inclusion in the virion of the equivalent GP3 protein in a related arterivirus (17, 43) . The nucleotide changes in the region 10337 to 10377 predominantly occurred in the third position of the codon in the ϩ1 reading frame from which the G S protein is read (Fig. 4) . Thus, in distinct contrast to the amino acid plasticity that occurs in the GP3 protein, the carboxy-terminal region of the G S protein was apparently subjected to structural constraints, and variants that deviated from this requirement did not survive. This finding is consistent with results of a study comparing ORF2 of laboratory strains and field isolates of EAV (31) . Neutralization phenotype of sequential virus variants from the semen of carrier stallions. The G L protein, encoded by ORF 5, contains the known neutralization determinants of EAV (4, 6) . Specific regions of the G L protein important for EAV neutralization have been identified, as have regions that varied among field isolates and laboratory strains of EAV (5, 7). During persistent infection of stallions, variation in the G L protein occurred primarily within a specific section of the V1 variable region (amino acids 61 to 84; Fig. 3B and 5 ). This region corresponds to nucleotides 11308 to 11378, which evolved at average rates of 3.4 and 5.0% per year for stallions D and E, respectively. The V1 region is critical for neutralization by some murine MAbs and varied significantly among field strains of EAV from North America and Europe (2, 5, 7). Amino acid differences in this region correlated with differences in neutralization phenotype of various EAV field strains (2, 7). Many of these same critical amino acids also varied during long-term EAV persistence in the reproductive tracts of the two carrier stallions (Fig. 5) .
Neutralization assays with a large panel of well-characterized MAbs and polyclonal equine sera were done to determine whether the observed nucleotide variation in ORF 5 of EAV isolates from the semen of carrier stallions correlated with phenotypic differences in the corresponding viruses isolated from semen. A fourfold or greater difference in neutralization titer between viruses was interpreted as a significant change in neutralization phenotype (Table 3) . The virus isolated from stallion D in 1994 had a notably lower titer with MAb 10H4 than the viruses isolated from the same stallion in 1984 and 1985. Virus isolate E91 was neutralized to a lower titer by MAb 7E5 and was not neutralized by MAb 6A2, which neutralized viruses isolated earlier from stallion E. Neutralization titers with the D94 virus and MAbs 7E5 and 9F2 and with the E91 virus and MAb 9F2 were lower, but not significantly so. MAb 10H4 recognizes an epitope that is distinct but interactive with that recognized by MAb 6D10 (4), yet MAb 6D10 neutralized all viruses isolated from the semen of the carrier stallions to a consistently high titer. MAbs 7E5 and 6A2 recognize distinct conformational epitopes that involve amino acids 69 to 99 and 102 (5) . Specific mutations generated in vitro in neutralizationresistant variants (4, 5) were not duplicated in the variants isolated from the carrier stallions, but the MAbs recognize conformational epitopes that are apparently altered during persistent infection of stallions.
Subtle variation in the neutralization phenotype of individual viruses isolated from semen was also detected with the polyclonal equine sera; viruses D94 and E91 were neutralized to lower titers with equine polyclonal sera than viruses isolated earlier from the same stallions (Table 3) . Differences in neutralization titers obtained with the VBS53 serum were significant for viruses isolated from both stallions. Titers were also lower for the D94 virus with the KY84 serum, and for the E91 virus with the E86 and D98 sera, than those for the earlier isolates from the same respective stallions. The results indicate that EAV variants with altered neutralization phenotypes emerged during the course of persistent infection of the two carrier stallions. Together these data imply that selective pressures exerted during the course of persistent EAV infection of stallions significantly influence the evolution of specific regions of the G L protein.
Phylogenetic analysis of cloned sequences. To better characterize the EAV quasispecies present during persistent infection of stallions, ORF 5 was RT-PCR amplified and cloned from viral RNA isolated directly from semen collected in 1984 and 1994 from stallion D. Multiple clones from the viral quasispecies present in 1984 (17 clones) and 1994 (16 clones) were sequenced. The mean intrasample genetic distance almost doubled from 1984 to 1994 (from 0.0035 in 1984 to 0.0065 in 1994) but was low compared to the intersample genetic distances. One variant cloned from the 1994 sample had a deletion of approximately 100 bp that included the V1 region; thus, defective interfering particles may influence viral evolution during persistence, although their detection was not a goal of this study.
Phylogenetic analysis of the cloned ORF 5 sequences is shown in Fig. 6 . Most ORF 5 clones are distinct, indicating that EAV exists as a mixture of related genomes; together with the data in Fig. 1 , this finding suggests that different variants of this quasispecies emerge to become the majority variant during establishment and maintenance of persistent infection of the reproductive tract of the carrier stallion. Figure 6 shows that clones derived from the 1984 sample are less genetically diverse than those from the semen of the same stallion 10 years later. Phylogenetic analysis of the sequences of the various clones clearly shows that the heterogeneity of the quasispecies increased during the course of long-term persistent EAV infection of this stallion. We conclude that significant genetic and phenotypic evolution of the EAV quasispecies occurs in the reproductive tract of the Thoroughbred carrier stallion.
DISCUSSION
Genetic analyses of sequences derived from viral RNA in semen indicate that the EAV quasispecies evolves considerably during long-term persistent infection of the carrier stallion. The immune response exerts a major selective force during persistent infection with a variety of RNA viruses (25, 39, 42, 53) . Our data also imply that selective pressures act on EAV during persistence in stallions, as illustrated by high rates of nonsynonymous changes in specific regions of the GP3 and G L a Expressed as the inverse of the highest final dilution that provided at least 50% protection of RK-13 monolayers against 1,000 50% tissue culture infective doses of virus.
proteins. The precise cell population that harbors EAV during persistent infection is not well defined, but testosterone is clearly essential for maintenance of persistence (41, 44 ). Androgens exert on reproductive tissues a variety of effects that could facilitate EAV persistence, such as maintenance of the susceptible host cell population(s) or immune suppression (46, 54) . Other studies have implied that there is ongoing interaction between the host immune system and the EAV population that persists in the reproductive tract of the carrier stallion (30, 34, 49) . Amino acid changes in the G L protein that occur during persistent infection of stallions are largely restricted to the critical V1 neutralization region; thus, neutralizing antibodies likely exert a selective pressure during EAV persistence, although other mechanisms are not excluded (5, 14, 57) . The GP3 protein is also apparently subject to very strong selective pressure during establishment and maintenance of persistent EAV infection of Thoroughbred stallions. Preliminary studies using the EAV infectious cDNA clone (65) indicate that ORF 3 is essential for the production of infectious progeny virus in culture, but the structural role of the GP3 protein is uncertain (56) . The equivalent protein in other arteriviruses is highly variable and antigenic, and antibodies directed toward it are apparently protective during infection with porcine reproductive and respiratory syndrome virus (17, 21, 36, 51) . Further characterization of the specific virus protein domains that are subject to selection during persistent infection will be crucial for definition of the mechanisms of EAV persistence in the carrier stallion. Selective pressures might also differ during persistent EAV infection of other equine breeds (3).
We describe alteration in the neutralization phenotype of variants that emerged during persistent EAV infection of two Thoroughbred stallions. A previous study that described the test breeding of carrier stallions D and E, as well as seven others originally infected during the Kentucky 1984 outbreak, clearly demonstrated that clinical EVA disease was more common in susceptible mares bred to certain carrier stallions than to others in this group (63) . Thus, genetic variation of EAV during persistent infection of stallions results not only in variants with altered neutralization phenotype but also in emergence of variants with distinct virulence characteristics.
When Eigen first introduced the concept of viral quasispecies, he emphasized that selection is applied to the entire heterogeneous population, not to individual variants (19) . During EVA epizootics and early in persistence, the EAV quasispecies is relatively limited (2, 3), whereas later in persistent infection of the reproductive tract of the carrier stallion the quasispecies expands to better fill the sequence space. The Red Queen hypothesis proposes that all virus variants would also gain fitness as they compete for limited resources (15) . The greater diversity of EAV variants generated during the course of persistent infection would result in a virus population that is better able to adapt to selective pressures inevitably encountered during venereal transfer of this large population to the recipient mare.
The high mutation frequency of RNA viruses generates a 
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on September 8, 2017 by guest http://jvi.asm.org/ diverse quasispecies that facilitates their adaptability and survival. This mutability, however, also has inherent disadvantages such as the generation of variants with deleterious mutations (15) . The transfer of a very small subset of a quasispecies (a genetic bottleneck) can isolate a less fit variant (11) , and there is little opportunity for the bottlenecked variant to recover fitness when this occurs in RNA virus populations that do not recombine (15) . The subsequent decrease in fitness is described in the process known as Muller's ratchet, which has been demonstrated in vitro for three RNA viruses (9, 11, 18, 20) . Bottleneck passages of viruses in culture result in reduced fitness that is recoverable with successive passage of large virus populations (11, 18) . Transmission of aerosol droplets that contain few virions and adaptation to a new host or cell population are the principal means for in vivo occurrence of such a genetic bottleneck of RNA viruses (16, 26) . EAV is naturally transmitted either by aerosol droplet or infective semen (27, 61) . The evolution and heterogeneity of the EAV quasispecies that occurs during persistent infection of the carrier stallion contrasts with its marked genetic stability during EVA epizootics involving horizontal aerosol spread of the virus (2, 3). The genetic stability of the virus population during EVA outbreaks results in a less diverse and therefore potentially less adaptable quasispecies (3). Indeed, widespread EVA epizootics are uncommon, as many field strains of EAV result only in seroconversion and subclinical infection in susceptible horses (35, 50, 61) . Selective pressures exerted during the course of persistent infection of the reproductive tract of the carrier stallion clearly can be responsible for genotypic divergence and emergence of phenotypically novel EAV variants and likely compensate for the relatively limited virus population diversity that occurs during EVA outbreaks.
